Abstract To understand the self sustained propagation of the plasma jet/bullet in air under atmospheric pressure, the ignition of the plasma jet/bullet, the plasma jet/bullet ignition point in the plasma pencil, the formation time and the formation criteria from a dielectric barrier configured plasma pencil were investigated in this study. The results were confirmed by comparing these results with the plasma jet ignition process in the plasma pencil without a dielectric barrier. Electrical, optical, and imaging techniques were used to study the formation of the plasma jet from the ignition of discharge in a double dielectric barrier configured plasma pencil. The investigation results show that the plasma jet forms at the outlet of the plasma pencil as a donut shaped discharge front because of the electric field line along the outlet's surface. It is shown that the required time for the formation of the plasma jet changes with the input voltage of the discharge. The input power calculation for the gap discharge and for the whole system shows that 56% of the average input power is used by the first gap discharge. The estimated electron density inside the gap discharge is in the order of 10 11 cm −3 . If helium is used as a feeding gas, a minimum 1.48×10 −8 C charge is required per pulse in the gap discharge to generate a plasma jet.
Introduction
The atmospheric pressure plasma is the electric discharge in the gas kept under atmospheric pressure (760 Torr). Researchers used to create an atmospheric pressure gas environment in a chamber to generate this plasma. In the application of this plasma, the sample is normally placed inside the discharge chamber and the plasma is exposed directly to the surface of the sample. Among many other atmospheric pressure plasma sources, atmospheric pressure plasma jets are gaining attention because of their remote exposure to the sample. The phenomenon of the atmospheric pressure plasma jet (APPJ) dates back to the 1960s when it was generated as a local thermodynamic equilibrium plasma jet [1] . Later on, APPJs have been produced in various distinct designs and under different operating conditions [2∼4] . Atmospheric pressure arc jets and plasma torches generate thermal equilibrium plasma, known as thermal plasma. These plasmas are at a high temperature and may damage the sample's surface under treatment. KOINUMA and his group [5] obtained an APPJ in a micro beam plasma generator in 1992. Later it was named the cold plasma torch. In the cold/low temperature plasma jet, the gas (neutral and ion) temperature is around room temperature and the electron temperature is much higher than that of the gas. These energetic electrons give up energy in random collision with other gas molecules and ions and create chemically active particles along the way. The atmospheric pressure non-thermal plasma jet (APNPJ) is the chemical reaction in the gas channel, which continues to propagate voluntarily, creating active species along the gas channel where the effect of the applied voltage is negligible. The basic tools to generate an AP-NPJ are: i) a gas flow channel and ii) a voltage source for the ignition of a discharge in that channel [6] . The discharge starts from the high voltage electrode and develops along the feed gas flow channel. This partially/weakly ionized gas channel outside the discharge zone is called the plasma jet. These plasma jets are not confined within an applied electric field, so it is convenient to use this plasma for indirect surface treatment. Experiments have shown [7, 8] that the jet phenomenon is strictly an electrical discharge in a gas stream. Depending on the power source, several types of plasma jets have been developed by different research groups around the world; most of them used radio frequency (RF) power supplies [9] . However, it has been found that at the same input power, the discharges ignited by pulse power are more efficient with enhanced gas phase chemistry [10, 11] . Short high voltage pulses can give almost instantaneous high energy to the electrons. Atmospheric pressure plasma jets generated by using pulsed power provide plasma as bullets/plumes in the ambient atmosphere where the gas temperature remains around room temperature. It is found that the pulse power operated plasma jet is nothing but a train of plasma bullets [12∼14] . These plasma jets are mostly used in biomedicine [14∼18] and surface treatment [19] . Because of the suitable plasma properties for jet applications, it is imperative to know the plasma characteristics and the formation of the APNPJ.
Generally plasma bullets are generated from the double dielectric barrier discharge (DBD) configured plasma pencil [12] , single electrode plasma pencil [20] , plasma needle [21] , and pin electrode plasma pencil [22] . The researchers are working to understand the physics behind the self-sustained propagation of the plasma jet/bullet in the ambient atmosphere [23∼25] . To explain the self-sustained propagation phenomenon of the plasma jet/bullet, it is important to have a deep understanding about the formation of the plasma bullet. To get a brief idea about the ignition of the plasma bullet, experimental investigations of the plasma jet generated by four different plasma jet igniters were conducted. It was found that the dielectric barrier has a great influence on the plasma bullet formation, propagation and its chemistry [6] . It is shown that the discharge always takes place in all directions from the high voltage electrode, but if there is any dielectric nearby, it expands towards that dielectric and the discharge grows along the dielectric surface [26] . To understand the formation of the plasma bullet from the double dielectric barrier (DDB) configured plasma pencil, the plasma inside the discharge chamber has to be studied. This article is comprised of three parts: i) observation of plasma bullet formation, ii) plasma bullet formation time; and iii) plasma bullet formation criteria. Electrical, optical, and imaging techniques are employed to investigate the formation of the plasma bullet at the outlet of the plasma pencil.
Experiments
For the generation of a non-thermal atmospheric pressure plasma jet, the flowing gas through the plasma pencil was ignited by applying a high voltage across the gap of the plasma pencil. To operate the plasma pencil, a high voltage source from a Spellman SL 1200 high voltage power supply was used, from which, one could get the available output voltage of a maximum 10 kV. This was used to give the power supply to the DFI PVX-4110 pulse generator and this pulse generator supported a maximum 10 kV input voltage. A Bronkhorst digital mass flow meter was used to control the gas flow rate to the plasma pencil. To investigate the electrical characteristics of the plasma jet generated by the plasma pencil, the Tektronix TDS784D oscilloscope, Tektronix TM502A current amplifier and current probe, and Tektronix P6015A high voltage probe were used. All the electric measurements were taken with an average of 500 acquisitions. The emission spectrum of the plasma jet was acquired using a Spectra pro-500i spectrometer. It included two 1200 groves per millimeter grating and its scan range was 0∼1400 nm with a minimum step of 0.0025 nm. The spectrometer had a focal length of 500 mm.
Most plasma jet igniters are dielectric barrier configured. To investigate the effect of the dielectric barrier on the formation of the plasma jet, four different plasma pencils ( Fig. 1: i) single electrode plasma pencil [20] , ii) only pin electrode plasma pencil, iii) single electrode plasma pencil with dielectric barrier, and iv) double dielectric barrier plasma pencil [12] ) were used as the plasma jet generator. In a single electrode plasma pencil a pin electrode is placed inside a plexiglass tube with an inner diameter of 0.5 cm ( Fig. 1(a) ). In the pin electrode plasma pencil, a pin is used as an electrode, which is placed inside the same dielectric tube but the tip of the pin electrode is exposed in the ambient atmosphere as in Fig. 1(b) . A perforated dielectric disk of 0.7 cm diameter is placed in front of the single electrode plasma pencil to assemble a dielectric barrier configured single electrode plasma pencil (Fig. 1(c) ). In the dielectric barrier configured single electrode plasma pencil the outer dielectric barrier acts as a floating grounded electrode but for the pin electrode plasma pencil and single electrode plasma pencil there are no grounded electrode. The double dielectric barrier configured plasma pencil ( Fig. 1(d) ) consists of two parallel ring electrodes attached to two dielectric (alumina) disks, placed 0.5 cm apart in a dielectric cylinder. The diameter of the alumina disk is 3 cm. To allow a feed gas flow through the chamber, a 0.3 cm diameter hole is perforated on the dielectric disk. One of the ring electrodes is connected to the high voltage, and the other is kept grounded. The whole system of these plasma jet generators are placed in the ambient atmosphere. Helium gas is used as the feed gas; the feed gas flows through the dielectric tube and comes out in the ambient air through the outlet. The process of plasma jet generation from a single electrode plasma pencil is compared with the plasma jet generation by a dielectric barrier configured single electrode plasma pencil. The only difference between these two pencils is the presence of a dielectric barrier on the jet propagation axis. All these plasma pencils are operated at a high voltage pulse varied from 4 kV to 10 kV with a pulse width of 300∼800 ns and a frequency range of 3∼10 kHz. We have captured the images of the discharge inside and outside of the plasma pencil by using a Di-pro ICCD camera with an exposure time of 10∼20 ns and 20 ns delay. This experimental work is limited within the operating voltage of 6.5 kV, a pulse width of 700 ns and a frequency of 4 kHz. For a constant gas flow rate of 3.5 L/min through the double dielectric barrier config-ured plasma pencil, it starts arcing when the applied voltage is above 6.5 kV and it reaches the saturation for the pulse width above 700 ns at the applied voltage of 6.5 kV [27] . To understand more clearly the formation and the expansion process of the plasma bullet from the discharge chamber of a double dielectric barrier configured plasma pencil, a plexiglass half-cylinder was used to take the side view images of the discharge chamber and the outlet ( Fig. 2 ) with an exposure time of 10∼20 ns and 20 ns delay. To make this transparent half-cylinder plasma pencil, two semi-circular disks made of plexiglass attached with two semi-circular ring electrodes were placed 5 mm apart in a hollow halfcylinder. The schematic of this "half-cylinder plasma pencil" is shown in Fig. 2 . The dielectric constant of the alumina and the plexi glass is different, so the discharge initiation and expansion time will be different for these two pencils, but the mechanism of the discharge initiation and expansion will be the same. The front view of the plasma bullet was taken by setting the ICCD camera at the head-on view of the plasma pencil and the camera is set at the tangential position to the jet axis to capture the axial expansion of the plasma bullet ( Fig. 3(a) ). The experimental setup for the double dielectric barrier configured plasma pencil is shown in Fig. 3(b) . The plasma bullet's velocity is measured from the image of the plasma bullet taken by an ICCD camera with the exposure of 20 ns and 20 ns delay. The spatial evolution of the different species in the plasma jet along the jet propagation axis is observed by optical emission spectroscopy. For this point, an emission spectrometer is placed at the tangential position to the jet axis.
The electrical investigation of the discharge chamber was done by analyzing the discharge current and the gap potential of the double dielectric barrier configured plasma pencil. Unipolar square-wave voltage pulses were applied to one of the high voltage (HV) electrodes. The repetition frequency (f ) of the voltage pulse was 4 kHz. The total current of the plasma pencil was measured across the resistor 'R' (Fig. 3) when the plasma was "on". The discharge current of the plasma pencil was measured by subtracting the capacitive current (current measured when there was no discharge) from the total current. The applied voltage (AV) was measured at the high voltage end of the plasma pencil by using a high voltage probe. The potential difference across the gap tells about the plasma characteristics inside the chamber. 
Formation of the plasma bullet
The front view images of the single electrode plasma pencil show that the glow discharge starts from the tip of the pin, expands towards the nearby dielectric tube, and propagates along the inner surface of the tube (Fig. 4(a) ). The side view images of this plasma pencil show that the expanded plasma from the tip of the pin and the surface discharge from the tube's inner surface contracts to a single head and propagates through the gas channel. For a pin electrode plasma pencil, discharge occurs along the axis only from the tip of the pin and as there is no nearby dielectric surface, no surface discharge is observed (Fig. 4(b) ). A side view image of the half-cylinder plasma pencil is shown in Fig. 5(a) . It shows that the discharge starts at the high voltage electrode (anode) and expands along the gas gap. The ionized gas creates an ion channel from the high voltage electrode to the grounded dielectric. Afterwards, the discharge inside the chamber decreases, and a comparatively more intense discharge is observed at the surface of the grounded dielectric. This surface discharge propagates along the surface of the outlet and comes out in the ambient air. It is found that the discharge expands over the dielectric surface, so it is possible to have a donut shape plasma bullet. Otherwise the plasma bullet is bulk plasma. The front view of the double dielectric barrier configured plasma pencil and half cut DDB plasma pencil's outlet show that the plasma bullet formed from the surface of the outlet has a donut shaped cross-section (Fig. 5(b) ). This primary donut shaped plasma bullet shows up because of the expanded discharge along the dielectric surface. If we consider the grounded dielectric as a capacitor, the electric field lines will be along the surface of the outlet [28] . The accumulated surface charge on the dielectric, which follows the electric field line, expands along the outlet's surface and forms a donut shaped plasma bullet. The head of the cathode directed streamer is positively charged and it always forms close to the cathode [29] . It is also found that the head of the plasma jet generated in the same experimental condition is positively charged [24] . In the double dielectric barrier configured plasma pencil the cathode directed streamer or the positive discharge front forms at the outlet of the grounded dielectric. For the pin electrode plasma pencil and single electrode plasma pencil, there is a virtual ground in front of the HV electrode and for the pin electrode plasma pencil with a dielectric barrier, the dielectric barrier works as a floating ground. Electrode geometry is an important factor for the shape of the plasma bullet as the plasma bullet follows the electric field lines.
The discharge current waveform of the double dielectric barrier plasma pencil shows that there are two positive current peaks per voltage pulse; one is due to the discharge inside the chamber and the second one is due to the expansion of the discharge through the outlet hole. The correlation between the images of the discharge chamber at different times with the discharge current waveform of the plasma pencil shows that the jet comes out from the discharge chamber when the second positive current peak starts to increase [12] . The discharge current waveform for different input voltages, shown in Fig. 6 , also confirms that the second positive current peak corresponds to the plasma bullet forma- tion. At a constant pulse width of 500 ns, for the applied voltage of 3.5 kV, there is no second positive current peak and no expanded plasma shows up at the outlet of the plasma pencil. The second positive current peak shows up with the increment of the applied voltage from 3.5 kV and the current peak shifts to the left (shorter time) with an increase of the voltage amplitude. Except for a slight dependence on the pulse width, which is required to accumulate enough charges to ignite the plasma, the plasma bullet formation time mostly depends on the amplitude of the applied voltage [6] . Fig. 7 shows the temporal evolution of the plasma bullet velocity outside the discharge chamber measured for different input voltages from the ultra fast images of the plasma jet as in Refs. [6, 23] . The red circle on Fig. 7 indicates that the plasma bullets take less time to come out from the discharge chamber than for higher applied voltages. The plasma bullet comes out from the discharge chamber at 275 ns, 350 ns, and 420 ns of the pulse for the applied voltage of 6 kV, 5.5 kV, and 4.5 kV, respectively. The emission spectrum at the outlet of the plasma pencil taken in the transverse direction to the jet axis for different applied voltages is shown in Fig. 8 . The temporal evolution of the emission spectrum of the plasma bullet at the outlet of the plasma pencil shows that the emission intensity increases with the applied voltage and the plasma bullet takes less time to come out from the discharge chamber when the applied voltage is higher. At the applied voltage of 5 kV, the emission from excited N 2 (337 nm) and N . This is because the excitation energy of N 2 is less than the excitation energy of N + 2 . The intensity and the initial onset time of the 337 nm emission line do not change with the pulse width [6, 25] . Fig.7 Temporal evolution of the plasma jet/bullet's propagation velocity outside the discharge chamber (air) for different applied voltages. Circle in the figure indicates the formation time of the plasma bullet outside the discharge chamber
In the plasma pencil, the gap width is 0.5 cm, the disk diameter is 3 cm and the operating voltage is 3∼10 kV. Assuming that the electric field is uniform inside the chamber, the average electric field is E ∝ V . Therefore, the average drift velocity of the electron/ion isv = d tg = µV d where, d is the gap width, V is the amplitude of the applied voltage, t g is the time required for electron/ion to travel across the gap, and µ is the ion mobility. It shows that the average expansion velocity of the discharge increases with the applied voltage, leading to an earlier formation of the plasma bullet. 
Characterization of the gap discharge of a double dielectric barrier plasma pencil
The discharge phenomenon inside the discharge chamber is complex, especially when the electrodes are attached or closed to a dielectric. The dielectric covered electrode makes a significant difference in the discharge because of its highly reduced conductivity. This dielectric retains charge on its surface. The magnitude and the spatial distribution of the accumulated charge determine the characteristics of the resultant electric field at the dielectric surface. The electric field produced by the surface charge modifies the external electric field and influences the discharge in the gap [30∼33] . The electric field produced by the accumulated charge is normal to the dielectric surface and is in the opposite direction to the applied electric field. So the resultant electric field on the dielectric surface decreases with the charging process. The capacitance of a dielectric disk is constant; so when the dielectric disk is fully charged the accumulated charge rearranges them along the electric field line on the surface of the dielectric. The expanded surface charge at the outlet of the grounded dielectric is the initial charge in the plasma bullet and it plays an important role in the formation of the plasma bullet in the ambient air. The gap potential was measured by using the following equation,
Here C d is the capacitance of the dielectric and I T is the total current. Fig. 9 shows the gap potential, input voltage and the corresponding discharge current for the applied voltage of 5.5 kV. The applied voltage has three distinct phases: i) voltage rise time, ii) constant voltage phase, and iii) voltage fall time. The applied potential causes a rise of the gap voltage until the breakdown is started. The gap potential reaches its peak at the steady state phase of the applied voltage pulse. The discharge current starts to increase at the point when the gap potential is at its peak. The peak of the first positive discharge current (identified as 1) decreases to a low value; the second positive discharge current starts to increase from that point and reaches the second positive peak (identified as 2). The whole positive discharge current waveform is spread over the first two phases of the applied voltage. At the outlet of the plasma pencil, helium gas mixes with ambient air, and consequently, the nitrogen mole fraction in the helium channel increases. The excitation energy of nitrogen is lower than the excitation energy of helium. The expanded charge through the outlet is exposed to the high input voltage and receives enough energy to ionize nitrogen molecules, which eventually creates an avalanche. Fig.9 Applied voltage, discharge current, and gap potential of the double dielectric barrier plasma pencil
The negative gap potential at the applied voltage fall time creates a negative discharge current (identified as 3), which generates a second discharge in the plasma pencil. This discharge expands along the pencil's outlet and it is identified as the second jet at the voltage fall time. The length of the second jet increases with the applied voltage. Fig. 10(a) shows the expansion of the discharge at the voltage fall time for different input voltages. This discharge also expands along the surface of the pencil's outlet. The front view of the outlet shows a hollow plasma jet (Fig. 10(b) ).
The average input power per pulse to the whole system and to the discharge were calculated by using the following equations,
where, P T is the total input power, P d is the consumed power by the discharge, I T is the total measured current, I d is the discharge current, V g is the gap potential, V is the input voltage and τ is the total time (total duration of the two positive current pulses shown in Fig. 9 ). The peak positive input power to the whole system was measured by taking the maximum of the power waveform which was found by multiplying the positive total current with the applied voltage. In the same way, the peak positive input power to the discharge was measured by taking the maximum value of the power waveform found by multiplying the positive discharge current with the gap voltage. The maximum power (Eq. (1)) and the average power (Eq. (2)) to the whole system and to the discharge for different applied voltages are calculated from Eq. (1) and Eq. (2). The maximum consumed power by the system and by the gap discharge for different applied voltages are shown in Fig. 11 . The average power is calculated by dividing the total energy (for a specific duration of the pulse) by that time interval. The average input power increases with the applied voltages and pulse width. Averaged total input power used in the discharge is around 56% of the total input power. For a constant gas flow rate, the loss of energy is higher for the higher input voltage. In order to estimate the electron density in the discharge chamber, it is assumed that the plasma inside the chamber is uniform and the electron density is uniform everywhere inside the plasma. The discharge current density can be expressed by the following equa-
Here, A is the area of the electrode, d is the gap width, µ e is the electron mobility, and n e is the number density of electrons. The peak positive current and the peak positive gap potential are used to estimate the electron density. In our case A = 0.75 cm 2 , d = 0.5 cm and the electron mobility in helium is 1.13×10 3 cm 2 /V·s. The calculated peak electron density for different applied voltages is shown in Fig. 12 . The estimated electron density in the discharge chamber is of the order of 10 11 cm −3 . It is the same as the measured electron density in Ref. [34] . It was found in the previous sections that the plasma bullet forms at the constant applied voltage phase. To understand the formation of the primary plasma bullet, only the positive discharge current waveform was considered for further investigation. The stored charge in the discharge was calculated from the positive phase of the discharge current waveform. The total charge (Q) during the discharge on time was calculated by integrating the discharge current (I d ) with time,
The charge (Q) calculated from the positive current pulse for different input voltages and pulse widths is shown in Fig. 13 . The calculated total charge increases with the applied voltage. For the pulse width of 500 ns there is no plasma outside the discharge chamber at the applied voltage of 3.5 kV. At the voltage above 3.5 kV, the calculated charge for the positive discharge current is 1.48×10 −8 C. The plasma bullet comes out of the discharge chamber at the applied voltage above 3.5 kV. So it can be said that the minimum charge that is required to initiate the plasma mode is about 1.48×10 −8 C. If we increase the pulse width, there is a possibility that the increased pulse width can create enough charge to generate a plasma bullet. To investigate the effect of the pulse width on the formation of plasma bullet, the applied voltage was kept at 3.5 kV and the pulse width was increased from 500 ns to 850 ns in 50 ns increments. Even the jet does not show up at the pulse width of 500 ns, the increased pulse width can create enough charge to generate a plasma bullet. In this case, it happened for the pulse width above 650 ns (Fig. 14) . Fig.13 Estimated maximum electron density in the gap plasma for different applied voltages Fig.14 Total charge calculated from the positive discharge current waveform for different pulse widths at an applied voltage of 3.5 kV shows that for an applied voltage of 3.5 kV, the plasma jet comes out the discharge chamber at the pulse width of 700 ns and the calculated total charge at that time is 1.5×10 −8 C
Conclusion
The experimental investigation of the plasma bullet/plume generation from the double dielectric barrier configured plasma pencil has been performed using optical (imaging and emission spectroscopy) and electrical investigation techniques. The comparison between the experimental results found for different plasma pencils showed that the donut shaped plasma bullet/plume forms at the outlet of the plasma pencil. This donutshaped initial plasma bullet is formed in the double dielectric barrier configured plasma pencil because of the surface charges on the grounded dielectric which expands along the electric field line on the surface of the outlet. Even when there is an expansion of the discharge along the surface of the plasma pencil, donut shaped primary plasma bullets are not observed when the HV electrode is at the center of the pencil (i.e. there is another discharge expanding straight from the tip of the HV electrode). The electrical investigation of the plasma jet formation from a double dielectric barrier configured plasma pencil confirms that the plasma bullet/plume forms during the constant voltage phase of a positive square wave applied voltage, and the first discharge current peak indicates the gap discharge and the second discharge current pulse indicates the formation of the plasma bullet/plume. The formation time of the plasma bullet in the ambient atmosphere depends on the applied voltage. The increased applied voltage provides more energy to the discharge and the plasma bullet formation time decreases. The estimated electron density in the gap discharge is in the order of 10 11 cm −3 and it increases with applied voltage. The average power per pulse shows that almost 44% of the input power is lost during the experiment. The formation criterion of the plasma bullet was investigated for this specific double dielectric barrier configured plasma pencil by calculating the total charge during the first gap discharge for different applied voltages. The average charge is calculated from the positive current pulse of the order of 10 −8 C and it increases with applied voltage. For a pulse width of 500 ns and a frequency of 4 kHz, the required minimum charge in the first discharge to generate a plasma bullet is 1.48 ×10 −8 C. For a constant gas flow rate, the formation criterion of the plasma bullet/plume predominantly depends on the amplitude of the applied voltage pulse.
